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ABSTRACT 
 
 This research investigated the removal of mercury by Reactive Adsorbent 
Membrane (RAM) hybrid filtration process to attain high quality water from wastewater 
or water resources contaminated with Hg(II), while producing stable final residuals. 
Pyrite (FeS2) nanoparticles were employed as the reactive adsorbent and the FeS2-
contacted mercury residuals were separated by either Dead End Ultrafiltration (DE-UF) 
or Cross Flow Ultrafiltration (CF-UF) system.  
The first task of this research was to synthesize pyrite nanoparticles with high 
purity in short reaction time. Microwave irradiation process was used to synthesize 
pyrite as microwave digestion method has the advantage of producing fine particles of 
highly pure pyrite with minimal reaction time. Scanning electron microscopy (SEM) and 
Energy dispersive X-ray spectroscopy (EDS/EDX) were used to characterize pyrite. 
Synthesized pyrite were used in all experiments. Reaction mechanism for Hg(II) 
removal by pyrite and behavior of the treatment system were characterized by observing 
flux decline, pH change, and Hg and Fe concentration in permeate water with time. 
Effects of the presence of anions (Cl-, SO4
2-, NO3
-) and natural organic matter (HA) on 
Hg(II) removal were investigated. Also, stability of final residuals was evaluated by 
using thiosulfate solution (Na2S2O3) as desorbing reagent. This study also examined the 
possibility of continuous removal of mercury by reusing Hg/pyrite laden membrane to 
remove additional Hg(II) contaminated water.  
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Analytical techniques used in this study included cold vapor atomic absorption 
spectrometry (CV-AAS) for mercury measurement, inductively coupled plasma optical 
emission spectrometry (ICP-OES) for Fe measurement and thermo triode pH meter 
calibrated with 4, 7 and 10 pH buffers for pH measurement. The surface of Hg/pyrite-
deposited membranes were characterized using surface analysis techniques, including 
scanning electron microscopy (SEM) for sample's surface topography and X-ray 
photoelectron spectroscopy (XPS) to analyze the surface chemistry (oxidation state) of 
solids. 
Results of this research indicated that the Hg(II)-contacted FeS2 was completely 
rejected by both dead-end and cross-flow ultrafiltration membrane system regardless of 
the presence of anions and humic acid. However, Hg(II) removal was accompanied by 
considerable flux decline and pH change. Desorption tests were conducted using 
thiosulfate and almost no release of Hg(II) or iron was observed in permeate water 
indicating that the formed residuals are very stable. Recycle test showed that this system 
successfully achieved the goal of continuous and complete removal of mercury from 
water. 
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1. INTRODUCTION 
 
1.1 Problem statement and motivation 
Mercury is a global contaminant and of significant concern for centuries due to 
its high toxicity and bioaccumulation via the aquatic food chain, which seriously affects 
natural ecosystems and human health. Mercury can exist in various forms in the 
environment, exhibiting toxicological properties that are harmful to human health.  
Various treatment processes for mercury(II) removal from water such as 
adsorption [1], filtration [2], precipitation/co-precipitation [3], ion exchange [4] and 
bioremediation [5] have been used. Each removal technology has its inherent advantages 
and disadvantages. Chemical precipitation of mercury was found to be slow and 
incomplete [3]. Both precipitation and adsorption techniques produce Hg(II)-
contaminated sludge which can release Hg(II) back to the environment after their 
disposal in landfills [3, 6]. The reported disadvantages of ion exchange technique 
include variable effluent quality, metallic fouling on the ion exchange media and fairly 
high operating cost [3, 7]. For separation technology using membrane, it is costly due to 
membrane fouling [8] if there is no appropriate pretreatment process. Also the 
membrane technology cannot remove dissolved mercury effectively because the 
molecular size of dissolved mercury is usually smaller than the size of the membrane 
applied. Moreover, the presence of natural organic matter and coexisting ions affect 
mercury removal by aforementioned treatment methods. Therefore, new technologies are 
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required to remove mercury efficiently from water while producing stable solid residuals 
that can be effectively separated from water and then safely disposed off.  
A new process called Reactive Adsorbent/Membrane (RAM) hybrid filtration 
process to attain high quality water from wastewater or water resources contaminated 
with Hg(II) is proposed herein. Mercury is a Lewis acid which has strong affinity to soft 
Lewis bases. Since thiol functional group is a soft base, sulfur containing chemicals have 
been widely used to remove mercury from water [1, 8-11]. Accordingly, mercury forms 
very insoluble solids with sulfide [12]. However, stoichiometric ratio of Hg to S is very 
important for the formation of stable solids. Excess of sulfur at high pH may lead to 
formation of soluble mercury disulfide (HgS2
2-) that can still pose risk to the 
environment [13, 14]. 
The most common sulfide minerals are pyrite (FeS2), mackinawite (FeS) and 
pyrrhotite (Fe1-xS, x= 0 to 0.2). The abundance of pyrite on the earth surface and its low 
cost led many environmental engineers and researchers to use them as possible 
scavengers of many toxic elements including mercury [1, 10, 15, 16]. Therefore, an 
attractive alternative for effective mercury removal is to adopt pyrite as reactive 
adsorbent, possibly producing stable residuals after contact with Hg(II) which can 
overcome the disadvantage of precipitation using aqueous sulfide. In most previous 
studies, adsorption species and adsorption mechanism for mercury removal has not been 
fully understood. However, three potential mechanisms may occur for removal of Hg by 
pyrite: formation of hydrolyzed Hg species (Eq 1.1), adsorption of hydrolyzed Hg onto 
the pyrite surface [9] and new solid-phase formation through ion exchange.  
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 Hg+2 +H2O = Hg(OH)m
(2-m)+ + mH+ (1.1) 
 ≡Py + Hg(OH)m(2-m)+ =  ≡Py-Hg(OH)m(2-m)+ (1.2) 
 FeS2(s) + 4Hg
+2 + 4H2O = 3Hg
0 + HgS(s) + Fe+2 + SO4
2- + 8H+ (1.3) 
 
Even though mercury is strongly adsorbed onto pyrite surface, desorption of Hg 
from Hg- contacted pyrite is possible when some strong ligands that has high affinity to 
Hg(II) specie are present in the solution. NO3
- and NH3 are considered as weak ligands 
for desorption of Hg(II), SO3
2- and Cl- as middle ligands and I-, S2O3
2- and CN- as strong 
ligands [1, 17]. Also the presence of dissolved organic matter (DOM) and some 
complexing anions may negatively affect Hg sorption onto pyrite. Anions such as Cl- 
and SO4
2- may decrease the sorption of mercury [18, 19] by forming strong nonsorbing 
aqueous complexes, thus reducing free Hg2+ ions available to sorb onto the surface of 
sorbent.  In addition, complexation between mercury and DOM [20-24], adsorption of 
humic acid on the surface of pyrite [25], and the competition between organic S of DOM 
and inorganic S of pyrite for complexation with Hg [26] may influence the adsorption of 
Hg onto pyrite.  
Pyrite is very prone to oxidation either by aqueous media especially with 
dissolved oxygen or redox reaction between Hg(II) and structural Fe of pyrite. Because 
of the oxidation, the solution pH in the system cannot be so stable that it tends to 
decrease to the acidic range as reactions proceed [1, 27]. Under such oxidizing 
condition, the speciation of structural S and Fe of pyrite usually change with pH by 
oxidative dissolution of pyrite. Moreover, at high pH, the oxidized surface of pyrite can 
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be covered by Fe(III) oxyhydroxides as monolayer [1, 27]. This surface heterogeneity 
may strongly influence the sorption behavior of Hg onto pyrite. 
On the other hand, the separation of Hg-contacted solid is a technological 
challenge. Ultrafiltration-supported technique can be used to remove mercury [2, 28-30] 
from water as well as other heavy metals [31, 32] in the presence of natural organic 
matters [33, 34]. Herein, the rejection of contaminants will depend on membrane 
properties (pore size, hydrophobicity and surface charge of membrane), solution 
properties (concentration, charge, hydrophobicity) and operating conditions (pressure, 
mode of operation) [2, 33-36]. All of microfiltration, ultrafiltration, nanofiltration and 
reverse osmosis are capable of reducing mercury concentration below 2 ng/L [2] after 
appropriate pretreatment. However, microfiltration and ultrafiltration processes are 
preferred because they can achieve the goal at lower operating pressure which reduces 
the capital and operating  costs [2]. Most contaminant solutions are potential foulants of 
membrane and the fouling mechanism will depend on membrane properties, species in 
the feed solution (presence of anions and NOM) and size, ionic strength, pH and mode 
of operation [33-35, 37, 38]. Appropriate pretreatment and choice of membrane and 
operation conditions are needed to reach highest removal efficiency of contaminants. 
However, previous experimental results reported in the literature using FeS 
reactive adsorbent [11], support the hypothesis that RAM technology using FeS2 as a 
reactive adsorbent has the potential to remove mercury from wastewater while making 
stable solid residuals. The main advantages of the RAM process over standard 
precipitation process are that final residuals can be easily separated from the water and 
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that additional removal of Hg would occur by forming a solid-solution of nanoscale 
reactive adsorbents on the surface of the membrane, eventually leading to cost-effective 
performance. On the other hand, the major challenge of the RAM process is to develop a 
method to effectively make the reactive layers of nRA on the support that can highly 
remove contaminant while effectively retaining contaminant-contacted nRA in the 
system until final disposal. Wastewater itself that contains competing anions and NOM 
could be another challenge due to possible complexation of Hg with these compounds 
before its contact with pyrite.  
1.2 Objectives 
The objective of this study is to develop pyrite-supported UF treatment process 
for removal of mercury from wastewater by forming stable solid residuals on pyrite that 
are deposited on the UF membrane. Herein, nano-scale pyrite (FeS2) is used as reactive 
sorbent combined with ultrafiltration membranes (with cross-flow or dead-end flow 
ultrafiltration mode) to separate the Hg-loaded residuals from treated wastewater. This 
study will also examine the ability of Hg/FeS2-laden membrane for continuous removal 
of mercury. Moreover, this study will investigate the possible reaction mechanism and 
characterize final solid residual by surface analysis techniques including SEM and XPS. 
1.3 Research tasks 
To achieve the objectives of this research, the following tasks were pursued, 
 Synthesize FeS2 nanoparticles using microwave irradiation process 
 Evaluate rejection of Hg-contacted pyrite in a continuous contact system using 
both cross-flow (CF) and dead-end (DE) flow ultrafiltration (UF) system 
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 Evaluate physical and chemical stability of the final residuals deposited on UF 
membrane using thiosulfate solution 
 Evaluate additional removal capacity of pyrite-deposited UF membrane for 
Hg(II) 
 Study the effect of anions and natural organic matter on mercury removal in 
continuous contact system 
1.4 Thesis organization 
Section 2 of this thesis presents a literature review that includes background 
information on species and sources of mercury, chemistry of mercury in water, health 
effects of mercury, and the properties of pyrite as well as available technologies to 
remove mercury from water. Section 3 presents the methodologies for synthesis of 
pyrite, experimental procedures, analytical methods for analysis of mercury and iron, 
surface characterization. These analyses were performed using analytical tools including 
Atomic Absorption Spectroscopy (AAS), Inductively Coupled Plasma (ICP), Scanning 
Electron Microscope (SEM) and X-ray Photoelectron Spectroscopy (XPS). Section 4 
present results and discussions of experiments on separation of Hg(II)-contacted pyrite 
from water using UF membrane system, the physical and chemical stability of Hg(II)-
contacted pyrite solids deposited on the UF membrane, and the additional ability of the 
Hg(II)-contacted pyrite solids deposited on the UF membrane for continuous removal of 
Hg(II). The last Section (section 5) includes conclusion of this study and 
recommendations. 
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2. BACKGROUND 
 
2.1 Mercury 
Mercury is one of the basic natural elements which make up the Earth’s 
composition and it is the only metallic element that is liquid at standard temperature and 
pressure. Mercury is known as “heavy metal” because of its high density (13.534 g·cm-3 
at 0 °C and 101.325 kPa). Forms of mercury include elemental mercury (Hg0), inorganic 
mercurous (Hg+) and mercuric (Hg2+) salts, or organic compounds (e.g. methyl-, ethyl 
and phenyl-mercury).  
Mercury is emitted to the environment by natural phenomena (e.g. volcanic 
eruption, geothermal activity and erosion of mineral deposits) as well as several 
anthropogenic activities. Re-emission is the third category of mercury sources. Some 
recent models of the flow of mercury through environment estimates that at present 
around 5500-8900 tons of mercury are being emitted or re-emitted to the environment 
from all of sources [39]. The percentile contributions of three major categories are: і) 
natural sources (10%), іі) anthropogenic sources (60%), ііі) re-emission and re-
mobilization (30%). Figure 1 shows the relative contribution of mercury emissions from 
anthropogenic sources measured by United Nations Environment Program. A recent 
study predicted that in 2020, the present status of mercury emission will cause an 
increase in mercury levels 2-25% in industrial area and 1.5-5% in remote area while 
applying current emissions controls worldwide will cause an decrease of 25-35% in 
industrial area and 15-20% in remote area [39]. 
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Until now, mercury has been extensively used in thermometers, dental amalgam, 
and fluorescent light tubes. It is also present in coal production, coal-fired power plants, 
gold mining, chlor-alkali plants, metal smelting, pulp/paper production, chemical 
synthesis/use (mercuric chloride),  vehicle, appliances and some devices (gauge, electric 
switch, barometer, batteries, cement production and oil 
exploration/production/transportation). 
Mercury has adverse health effects on humans. Different forms of mercury can 
affect central and peripheral nervous system, digestive and immune systems, lungs and 
kidneys, and if the level of exposure is high, it may be fatal [40, 41]. Fetal brain is more 
sensitive than adult brain and more susceptible to mercury induced damage [42].  
Methylmercury (MeHg) is the most dangerous form of mercury to human health. 
Several large outbreaks were caused by consumption of MeHg. Minamata disease is 
representative of the MeHg poisoning which attacked the people of Minamata bay in 
Kyushu, Japan in the 1950’s. The number of victims by Minamata disease was over 
2,200 [40]. Another outbreak of MeHg poisoning was recorded in Niigata prefecture in 
1965 and more than 700 victims were recorded [40].  
The Maximum Contaminant Level (MCL) for mercury in drinking water has 
been set as 2 μg/L by the US Environmental Protection Agency (USEPA). A land 
disposal restriction (LDR) standard has also been set by USEPA as 0.15 mg/L [43] for 
treatment of wastewater. 
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Figure 1. Relative contribution of anthropogenic sources of mercury in 2010 [39]. 
 
 
Figure 2. Mercury cycling in watershed [44]. 
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2.2 Aquatic chemistry of mercury 
The occurrence and migration of different forms of mercury in water depend on 
reduction and oxidation conditions, pH, presence of ions and the content of dissolved 
organic carbon (DOC). Figure 2 shows mercury cycling in a watershed.   
Hg(0) in surface waters occurs as a result of Hg(II) compounds reduction by 
aquatic microorganisms [45, 46], abiotic reduction by humic substances [47], 
photoreduction [48] and from anthropogenic discharges [45]. In mild oxidizing or 
reducing conditions, Hg(0)  is unreactive and stable, but oxidation to Hg(II) can be 
stimulated in the presence of chloride ions by ligand-stimulated oxidation mechanism 
[45, 49, 50] .  
Both Hg2+ and CH3Hg
+ have strong tendency to form complexes, particularly in 
presence of soft ligands like sulfide and chloride. Dominance diagrams of different 
hydroxo and chloro complexes of Hg as a function of ligand concentration and pH are 
available in the literature [45, 51, 52]. In freshwaters in the absence of sulfide, the 
dominant inorganic mercury complexes are three uncharged complexes: Hg(OH)2, 
HgOHCl and HgCl2 (Figure 3). With increasing chloride concentrations, Hg
2+ forms 
HgCl, HgCl2, HgCl3
- and HgCl4
2- complexes and in full strength seawater containing 
around 0.6 M of Cl- (3.5% salinity), Hg2+ exists primarily as HgCl3
- and HgCl4
2- [45]. In 
freshwater, methylmercuric hydroxide (CH3HgOH), is the most stable whereas in 
seawater MeHg is present mainly as the chloride, CH3HgCl [45]. In natural water, rather 
than chloride and hydroxide complexes, organic mercury complexes dominates the 
mercury speciation where mercury is strongly bound to thiol groups of humic matter 
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[51]. In seawater, the percentage of Hg-humic complexes is low because of chloride ion 
competition [53]. The association of Hg with humic substances also depends on pH, 
redox potential and sulfide concentration [45].    
 
 
 
Figure 3.  Concentration ratio diagrams illustrating the relative thermodynamic 
stability of mercury species in fresh water and sea water. Conditions:  sea water 
[Cl] = 0.6 M, [CH4(aq)] = 10-4 M. fresh water [Cl] = 2×10-4 M, [CH4(aq)] = 10-4 M 
[45, 54] 
 
 
Though organic complexes dominate at oxic conditions, at anoxic conditions 
sulfide controls the mercury speciation. Mercuric sulfide (HgS) is the main insoluble 
inorganic Hg compound, commonly found in aquatic systems along with some sparingly 
soluble HgO. HgS is the most dominant natural sink for Hg even in the oxic conditions, 
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where strong Hg-S interaction may outcompete O for bonding [8]. HgS formation is 
favored by low pH and low sulfide concentration, but at high pH and high sulfide 
concentration, HgS can be converted to soluble HgS2
2- [45, 52]. However, other 
researchers found that HgS are generally formed at alkaline condition [13]. HgS 
solubility can increase in the presence of organic matter [55]. At high sulfide 
concentration, Hg forms soluble HgSH+, Hg(SH)2, Hg(SH)S
-, HgS2
2-, and Hg(Sx)OH 
depending on the pH, redox potential and S0/S2- concentrations [45, 52, 56-58].  
Only methylmercury and dimethylmercury occur naturally in waters from 
divalent inorganic Hg by a process called methylation which is facilitated by some 
sulfate and iron reducing bacteria, and organic carbon. Factors affecting the methylation 
and demethylation processes include bioavailability of mercury to bacteria, activity of 
bacteria, pH, temperature, dissolved oxygen, redox potential, presence of organic and 
inorganic ligands, salinity etc. [44, 45, 59]. Methylmercury and dimethylmercury are the 
dominated methylated species in freshwater and deep ocean water, respectively [45]. 
Methylmercury that is bioconcentrated in living organisms can be accumulated through 
the food chain, but usually Hg(0) and (CH3)2Hg are not bioaccumulated because they are 
not retained by phyto- or bacterio-pico-plankton.  
2.3 Pyrite 
Pyrite (FeS2) is the most common sulfide mineral in earth surface environments 
and many ancient sedimentary rocks. The formation and occurrence of pyrite are 
important in determining the global redox balance and the global cycles of iron and 
sulfur. The crystal structure of pyrite is very similar to NaCl structure as shown in Figure 
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4. The S2
2- groups are situated at the cubic center and the midpoints of cube edges, while 
the low-spin Fe are located at the corners and face centers. The distance between the two 
S atoms is 2.1 0 A°,  much less than twice that of  the S atom radius, suggesting 
covalence in the S2 group[60].  
 
 
 
Figure 4. Schematic representation of the structure of pyrite, based on a cubic 
array of ferrous iron cations (Fe2+) and sulfur anions (S-). 
 
 
The abundance of pyrite on the earth surface and its low cost led it to being an 
attractive solid for use as possible scavenger of many toxic elements. Pyrite has been 
used as an adsorbent for removing toxic heavy metals such as arsenic [61, 62], mercury 
[1, 8, 9], zinc, cadmium [9] etc. In order to understand the pyrite formation mechanism, 
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several laboratory experiments have been carried out and the results showed that pyrite 
might form by different mechanisms using various sources of iron and sulfur. Various 
iron sources such as FeOOH, FeSO4, FeCl2, FeCl3, FeCO3, Fe3S4, and sulfur sources 
such as H2S, NaHS, Na2S, Na2Sn have been used to synthesize pyrite [60, 63-65]. In 
laboratory experiments, the time period for pyrite synthesis ranges from few minutes to 
1 year depending on the experiment conditions such as pH, temperature and source of Fe 
and S [63, 64, 66]. Optimum conditions of pH, temperature, aging time and iron to 
sulfide ratio were previously investigated. The optimum pH for pyrite synthesis ranges 
from 3-6.8 for different sources of iron and sulfur [63-66]. It was reported that pyrite 
formation is not thermodynamically feasible above pH 7 [62, 63]. Temperature affects 
the rate of pyrite formation. At low temperature, the rate of reaction is slow, while high 
temperature increases the rate of pyrite formation [62, 66]. Recently microwave energy 
has been used for pyrite synthesis. Microwave synthesis has been reported to have the 
advantage of producing small particle with high purity as well as a short time of nuclei 
formation and crystal growth comparing to conventional heating process [62, 66]. A 
lower iron to sulfide ratio is favorable for pyrite formation [63]. The reagent 
concentrations can also affect the particle size. With increasing reagent concentration 
particle size decreases [66]. In contrast, other researcher found the particle size to be 
small when reactant concentration was decreased [63]. The difference in relation 
between reactant concentration and particle size may be related to the different synthesis 
process and different reaction time. Pyrite formation involves two distinct physical 
processes: a first nucleation of pyrite followed by a slow growth of the particles [64]. 
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Results reported in the literature suggest that supersaturation of pyrite forming 
precursors will cause pyrite to nucleate spontaneously and at supersaturation level pyrite 
nucleation is fast [65]. Both elemental sulfur and iron monosulfide are essential 
precursors for pyrite formation [63-66]. The overall reaction of pyrite formation using 
Fe3+ and HS- in aqueous solution is as follows [60, 62-64, 66]: 
 
 2Fe3+ + HS- = 2 Fe2+ + S0 + H+ (2.1) 
 Fe2+ + HS- = FeS + H+   (2.2) 
 FeS + S0 = FeS2     (2.3) 
 FeS + Sn
2- = FeS2 + Sn-1
2- (2.4) 
 
 2.4 Mercury removal technologies 
Removal of Hg from water is not an easy task because of its different oxidation 
states (0, +1 and +2) and their interaction with different inorganic and organic 
components in aquatic systems. Moreover, Hg forms nonsorbing complexes with 
different anions in solutions which reduces free Hg to be sorbed on an adsorbent. Several 
technologies have been evaluated for mercury removal from wastewater or water 
contaminated with mercury. The following subsections provide an overview of common 
Hg removal technologies: 
2.4.1 Adsorption 
Adsorption process is the most prominently used technology for the removal of 
mercury because of its high efficiency with low cost and/or low effluent mercury 
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concentration [6, 7]. Adsorption process offers flexibility in design and operation 
because of its reversibility and regeneration by suitable desorption process. Adsorption 
processes utilize a sorbent material that can remove mercury from water or wastewater 
by various chemical forces such as hydrogen bonds, dipole-dipole interactions and van 
der walls forces that hold mercury onto the sorbent.  The adsorption process removes 
both particulate and dissolved mercury. This process can reduce mercury concentration 
below 2 𝞵g/L [43]. Types of sorbents that were used to remove mercury include granular 
activated carbon [67], sulfur-impregnated activated carbon [68], coal fly ash [69], 
hardwickia binata bark [70], exhausted coffee ground [71], waste rubber [72], 
carbonaceous sorbents derived from flax sieve [73], rice husk [74], walnut shell [75] etc. 
Among different sorbents activated carbon has been widely used to remove mercury 
because pretreatment or modification of activated carbon by carbon disulfide (CS2) has 
been reported to improve the sorption capacity [3, 7]. A number of sulfur-based 
adsorbents have been used because of their affinity for mercury [1, 11, 12, 15]. Besides 
conventional adsorption processes, several organic materials are used as biosorbents to 
remove mercury from water [76, 77].  
The effectiveness of adsorption technologies depends on the water pH, flow rate 
through adsorption media, contact time, spent sorbent media requiring treatment or 
disposal, concentrations of mercury and other compounds that may compete with 
mercury for adsorption, and the presence of suspended solids and organic compounds 
that can foul the adsorption media [43, 78]. Adjustment of pH to the range where 
adsorption is most effective is also a common pretreatment step [3].  
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2.4.2 Membrane filtration 
Membrane filtration technologies are used for heavy metal removal because of their high 
efficiency, easy operation, space savings and adaptability to wide fluctuations of feed 
quality [6, 79]. Filtration process involves passing the wastewater under pressure 
through an appropriate porous membrane (cellulose acetate, polyamide, polysulfone, 
etc.) to separate mercury (both dissolved and particulate) and withdraw the permeate 
product water. A pressure differences between both sides of membrane serves as a 
driving force to separate pure water from contaminated water. Filtration processes can be 
run either in batch or continuous mode. Filtration technologies include microfiltration, 
ultrafiltration nanofiltration, and reverse osmosis. In case of reverse osmosis the applied 
pressure must be considerably greater than the osmotic pressure of the rejected solute to 
obtain good water flux. The primary differences among various membrane systems are 
in their pore sizes and the required pressure to operate these membranes.  
Table 1 lists typical pore sizes and applied pressure of various membrane 
technologies. All types of filtration system are capable of reducing mercury 
concentration below 2 ng/L with the proper pretreatment [2]. However, microfiltration 
and ultrafiltration processes are preferred because they can achieve the goal at lower 
operating pressure which reduces the capital and operating  costs [2]. The percentage 
removal of contaminants depend on pore size, MWCO, membrane charge, 
hydrophobicity of membrane and contaminants [80]. 
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Table 1. Various pressure driven membranes [81]. 
Process Typical pore size Typical pressure Molecular mass 
Microfiltration > 0.1 𝞵m < 2 bar > 5000 kDa 
Ultrafiltration 2-100 nm 1-10 bar 5-5000 kDa 
Nanofiltration 2-1 nm 3-20 bar 0.1-5 kDa 
Reverse osmosis < 1nm 10-80 bar < 100 Da 
 
  
The type of membrane is selected based on the size and molecular weight of 
target contaminants, fouling propensity and the pressure required to move water through 
the membrane [2, 82]. Ultrafiltration technology is usually used to remove high 
molecular weight (MW>1000) contaminants and solids [3]. There are two types of 
ultrafiltration: cross-flow and dead-end flow ultrafiltration. In cross flow membrane, 
feed solution is forced tangentially to the surface of the membrane while in the dead end 
flow feed is directed perpendicular to the surface of the membrane. Two filtration modes 
can be applied: constant flux and constant pressure mode. In a constant pressure mode, 
the driving force for filtration is kept constant, so that the permeate flux is proportional 
to pressure and inversely proportional to resistance. In a constant flux mode, the pressure 
is increased over time to compensate for an increase in membrane resistance. Sorptive 
ultrafiltration(UF) membrane (polyethersulphone, poly vinyl alcohol and poly vinyl 
pyridine) provides the advantages of high permeate flux, high retaining efﬁciency for 
metal ions because of its reactive functional groups, eventually leading to consumption 
of low energy comparing to the conventional UF membrane [29, 31]. For effective 
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removal of mercury by filtration operation, a pretreatment step such as precipitation/co-
precipitation, prefiltration and adsorption can be applied before filtration because 
dissolved mercury ions are too small to be effectively removed by low pressure filtration 
[43]. The main drawback of membrane separation technology is high operating cost due 
to membrane fouling [31]. Fouling mechanisms include pore constriction, 
partial/complete pore blocking, cake/gel layer formation, concentration polarization, 
organic adsorption and biological fouling [83]. Membrane fouling depends on many 
parameters such as particle size of solution, hydrophobicity and the mode of filtration 
(constant pressure, constant flux) [35, 80]. Constant pressure filtration system has shown 
improved permeate flux comparing with constant flux mode [35].  
2.4.3 Chemical processes 
Chemical processes involve chemical reactions through the addition of 
compounds that react with mercury and immobilize it or change its chemical form. 
Chemical processes to remove mercury include precipitation/co-precipitation, chemical 
separation, chemical reduction processes and chemical oxidation processes. By far 
chemical precipitation is the most widely used process in industry to remove heavy 
metals from industrial wastewater [3]. Precipitation/co-precipitation processes have been 
widely used to remove mercury from wastewater both in dissolved and particulate forms 
due to its simplicity, availability and low operating cost [84]. Chemical precipitants used 
in precipitation processes are ferric salts (e.g., ferric chloride, ferric sulfate), alum, lime 
softening, limestone, calcium hydroxide and sulfide [3]. The most widely used 
precipitation technique is hydroxide precipitation due to its simplicity, low cost and ease 
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of pH control [3, 6]. Sulfide precipitation has been reported to be an effective alternative 
than hydroxide precipitation. One of the primary advantages of using sulfide instead of 
hydroxide is that sulfide precipitate is usually less soluble in water than hydroxide 
precipitate. However, the limitation of this process involve the potential for H2S gas 
evolution, sulfide toxicity [3, 6], and soluble sulfide complexes due to excess dosage of 
sulfide [7]. Though precipitation is useful to remove other heavy metals, chemical 
precipitation of mercury may be slow and incomplete. Another disadvantage of 
precipitation technique is large amount of sludge produced and difficult dewatering of 
sludge due to its amorphous particle structure [3, 6]. However, sulfide precipitation 
technique can remove 99.9% mercury [7].  
Co-precipitation technique is less effective comparing to other removal 
technologies, but is inexpensive. The most common coagulants that have been employed 
are aluminum sulfate (alum), iron salts and lime [7]. The other chemical process 
involves chemical reduction in which metal or metal complexes that are higher in the 
electromotive series are used to reduce mercury. Most commonly used reductants are 
zinc, iron, aluminum, sodium borohydrate [7], and stannous chloride [85]. The 
effectiveness of chemical processes depends on pH of solutions, concentration of 
mercury, presence of other compounds, chemical dosages, treatment goal and the 
amount of sludge that needs to be disposed [43]. 
2.4.4 Ion exchange 
Ion exchange is an effective means of removing mercury from wastewater 
because of its many advantages such as high treatment capacity, high removal efficiency 
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and fast kinetics [86]. Ion exchange is a reversible chemical reaction that removes 
unwanted ions (cations or anions) from water by the exchange of ions on the charged 
resin. Ion exchange is typically operated as columns in which the resin is contacted with 
contaminated water. Ion exchanger resin consists of detachable ion (typically either 
H+/Na+ or OH-/Cl-) depending on the type of resin (cationic or anionic). Anionic resins 
are mainly employed for cationic mercury but the thiol resin, Duolite GT-73 has been 
reported to be selective for mercury in any of its three oxidation state [4, 7]. When the 
resin is saturated, they can be regenerated using high concentration of acid or alkaline 
medium to remove metal ions from the resin bed. Ion exchanger can be compromised of 
synthetic organic or inorganic gel, weak base chelating resins [7], weak base anion resin 
[87], strong base anion resin [7], weak acid cation thiol [4], natural zeolites, clay and soil 
humus [84]. The ion exchange process usually involves pH adjustment due to the effect 
of pH on the oxidation state of ions to be removed and their interaction with ions of resin 
beds. Most anion resins perform better at low pH values whereas cation exchanger work 
well at high pH values due to less proton competition for adsorption site [84]. An ion 
exchange resin can consistently remove mercury to below 1𝞵g/L, following 
prefiltration [4]. Ion exchange resin treatment technology has the advantage of almost 
zero level of effluent concentration and there is a large variety of exchange resins [3, 7]. 
The reported disadvantages include variable effluent quality, metallic fouling on the ion 
exchange media, fairly high operating cost and the presence of free acid reduce the 
efficiency of operation [3, 7]. 
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2.4.5 Bioremediation 
Bioremediation is the use of microorganisms to remove Hg from water. This 
process is relatively cheap and effective to remove mercury from waste streams. In 
bioremediation process, mercury resistant bacteria has been used in a bioreactor to 
remove mercury from wastewater by enzymatic reduction of Hg(II) to water insoluble 
Hg(0) [5, 88, 89] and then the elemental mercury can be recovered from the reactor. 
Various natural organisms have been used to remove mercury from water including 
Karaya gum (Sterculia urens) [90], mera gene [5], Bacillus sp [88], Pseudomonas 
aeruginosa  and Bacillus thuringiensis [91]. The reactor bed is usually made of silica 
(SiO2) and alumina (Al2O3) for suitable microbial growth. More than 98% mercury 
removal has been reported in literature by bioremediation process [89]. Factors which 
affect the bioremediation processes are pH, contaminant concentration, available 
nutrients, and temperature [5].  
2.4.6 Air stripping 
Air stripping is a process where dissolved molecules from wastewater are 
transferred from water into a flowing gas, usually air. Air stripping is applicable for the 
removal of undesirable volatile compounds from contaminated water. In mercury 
contaminated water, Hg(II) is usually converted to volatile Hg(0) by a reducing agent 
and carried away by air. Mercury removal by combined effect of chemical reduction and 
air stripping has been reported by Looney et al. [85]. They used low levels of stannous 
chloride to reduce Hg(II) to volatile Hg(0). The removal efficiency depends on the 
stoichiometric ratio of Sn to Hg. For an initial Hg(II) concentration of 138 ng/L, the 
 23 
 
dose-response results indicated that removal efficiency increased with increasing 
stannous chloride dose and for Sn:Hg ratio of 5 to 25, more than 94% removal was 
achieved. As stannous chloride react with other dissolved molecules such as oxygen, 
nitrate and dissolve organic matter, the stoichiometric ratio may vary for complete 
removal depending on the relative ratio of mercury concentration to other dissolved 
materials [85]. The ratio of air to water through the air stripper controls the strippability 
by air. With increasing air to water ratio, the removal rate increases. An air to water ratio 
of 20 may provide complete removal of Hg(0) [92]. This treatment technology has the 
advantages of treating large amount of water with trace amount of mercury at low 
operating and maintenance cost compared to other conventional removal methods 
without producing secondary liquid or solid waste and without the necessity of off-gas 
treatment system [93]. However, reduction by Sn(II) followed by removal by air 
stripping may not be effective when mercury is in the form of organic mercury 
(methylmercury), particulate mercury, or strongly bound mercury complexes [92]. 
2.4.7 Nanotechnology 
Nanotechnology is one of the most prominent technologies with precisely 
tailored physical-chemical properties; thus significantly increasing their potential 
effectiveness in removing heavy metals from water. Nanotechnology is the art of 
manipulating matter at nanoscale. Significant improvement in the performance of 
sorbent materials toward removal of heavy metals has been observed due to the 
development and enhancement of nanoporous structured sorbent materials. A dispersible 
sorbent with large surface area would be very advantageous for removal of heavy metals 
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from water. The nanoparticles are highly dispersible and stable in the solution and have a 
high surface area [94]. Additionally, nanoparticles have the ability to functionalize with 
different functional groups to enhance their ability towards removing target metals. 
Combining nanotechnology with other mercury removal technologies can lead to the 
optimization of the development of a water purification system, small amounts of raw 
material and less energy consumption. Recent research work has shown promising 
results for using nanoparticles to remove heavy metals from water [3, 95].  
2.4.7.1 Nanoparticles  
Metal-oxide nanoparticles have been widely used for the removal of various 
contaminants from water. Their larger surface area and high reactivity make them an 
ideal candidate for removal of mercury from water. Sometimes the metal oxides are 
mixed with other metal or metal oxide nanoparticles to make the mercury removal more 
efficient and faster. Recent reports have shown different forms of mercury have been 
removed by gold nanoparticle-aluminum oxide (Au NP Al2O3) [96], iron oxide 
nanoparticles modified with 2-mercaptobenzothiazole [97], Combined Tween 20-
Stabilized Gold Nanoparticles and Reduced Graphite Oxide–Fe3O4 Nanoparticle [98], 
zinc oxide nanoparticles [99], Nanocomposites of graphene oxide, Ag nanoparticles, and 
magnetic ferrite nanoparticles [100], copper oxide, silicon dioxide, aluminum oxide, 
titanium oxide and iron oxide[101]. The low-cost, effective, and stable metal oxide 
nanoparticle adsorbent shows great potential for economical removal of various mercury 
species. 
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2.4.7.2 Carbon nanotube 
Carbon nanotubes (CNTs) are tubular cylinders of carbon atoms that have 
extraordinary mechanical, electrical, thermal, optical and chemical properties. CNTs 
have received special attention in adsorption technology because of their capability to 
establish (𝞹-𝞹) electrostatic interactions with heavy metals as well as their large surface 
area[102].  
Synthesis techniques of CNTs include chemical vapor deposition, catalytic 
development, arc discharge, laser ablation and plasma torch [103, 104]. There are two 
types of carbon nanotubes: single walled CNTs (SWCNT) and multi-walled CNTs 
(MWCNT). Chemical functionalization of CNTs improve their physical and chemical 
properties by providing more active sites, leading to enhanced performance as a sorbent 
for contaminants [102, 105]. The sorption capacity is mainly dominated by the 
functional group attached on the surface. Among many functional groups thiols have an 
excellent binding capacity with many heavy metals. Many researchers have developed 
amino [102], thiol [102, 105], silver [106], chitosan [107] functionalized groups on the 
CNTs in order to improve the sorption capacity, selectivity and overall removal 
efficiency of heavy metals. Functionalized CNTs have been reported to be better 
adsorbents in all cases. Synthesis technique of functionalized CNT include condensation 
reaction [102, 105], cross linking method [107], wet chemistry and thermal reduction 
[106]. Membranes made from CNTs have been gaining considerable attention because 
of their easy recyclable and reusable capabilities and because of cost effective compared 
to conventional membranes [105, 108].   
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3. RESEARCH DESIGN AND METHODOLOGY 
 
 3.1 Materials 
All materials and chemicals used in this research were reagent grades. Water was 
distilled by Barnstead Mega-pure distillation device and then deionized by passing 
distilled water through a Labconco purifier system. Subsequently, the distilled/deionized 
water was purged with 99.99% N2 to produce deoxygenated, deionized water (DDW). 
All stock solutions and chemical reagents used in this study were prepared by dissolving 
these high quality chemicals with DDW in anaerobic chamber with atmosphere of 99.99 
% nitrogen. Also, all experimental works were conducted in anaerobic atmosphere.  
Iron (III) chloride hexahydrate (FeCl3.6H2O, Sigma-Aldrich, 97%) and sodium 
sulfide nonahydrate (Na2S.9H2O, Sigma-Aldrich, 99.9%) were used as iron and sulfur 
sources, respectively, to synthesize pyrite. Mercury stock solutions were prepared using 
mercuric chloride (HgCl2) obtained from Mallinckrodt Chemicals, Phillipsburg, NJ. 
Anhydrous sodium sulfate (Na2SO4, BDH), sodium chloride (NaCl, Fisher Scientific) 
and sodium nitrate (NaNO3, sigma-aldrich) were used as source of anions. Humic acid 
(HA) was purchased from sigma-aldrich as representative of natural organic matter and 
anhydrous sodium thiosulfate (Na2S2O3) was purchased from AMRESCO for desorption 
tests of Hg(II). All the solutions used in experiments were adjusted to pH 8.0 ± 0.1 using 
0.1M NaOH and 0.1M HCl (J. T. Baker). The pH was monitored with a Thermo 
Scientific pH meter calibrated with three Orion buffer solutions (4.0, 7.0 and 10).  
 27 
 
A dead-end flow ultrafiltration (DE/UF) membrane system was set up with low 
pressure-driven stirred cell UF system provided by Millipore Company, where 800-mL 
glass reservoir container is connected to a 300 mL glass cell with the membrane. 
Pressure was maintained at 14.5 psi by a compressed N2 cylinder connected to the 
system. Membrane material used for the DE/UF system was 30 kDa regenerated 
cellulose (RC) ultrafiltration membrane with 31.7 cm2 of surface area. The cross flow 
ultrafiltration (CF/UF) has 1000-mL reservoir container connected a Pellicon® XL 
cassette containing 1000 kDa polyethersulphone (PES) UF membrane (50 cm2), in 
which the PES membrane was placed in layers with spacers to carry feed and permeate 
water. 
3.2 Methodology 
A series of filtration experiments for separation of Hg(II)-contacted pyrite from 
water were conducted with two major sets: 1) Rejection test,  2) Recycle test. In 
rejection test, extent of rejection of Hg-contacted pyrite by UF membrane and its 
stability were evaluated. In recycle test, additional removal capacity of Hg-contacted 
pyrite deposited on the surface of ultrafiltration membrane for Hg(II) was determined. 
The rejection test involves three steps: Step I) Pre-contact of Hg(II) with pyrite for 30 
minutes, Step II) Rejection of Hg(II)-contacted pyrite by ultrafiltration membrane, and 
Step III) Desorption test of Hg(II)/pyrite-deposited membrane using 0.1M thiosulfate 
(S2O3
2-) solution.  
The recycle test followed the first two steps (Step I and II) that were conducted 
for the rejection test, followed by evaluating the additional Hg(II) removal capacity of 
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the same Hg(II)/pyrite-deposited membrane by continuously feeding more Hg(II) 
solution. In each step except step I, permeate water was collected over time in order to 
measure flux, pH and concentrations of Hg and Fe to obtain removal efficiency and 
identify the possible reaction mechanism, fouling propensity of membrane and overall 
retention capacity of the ultrafiltration system.   
3.3 Synthesis of pyrite nanoparticles using microwave digestion method 
Pyrite (FeS2) was synthesized in anaerobic chamber using a modified method of 
Kim et al. [66], which used Na2S.9H2O and FeCl3.6H2O as precursors of sulfur and iron. 
pH was adjusted to 6.5 that is optimum pH to avoid the possible presence of FeS and S0 
formation [64]. The detailed procedure to synthesize FeS2 is listed as below: 
 1L of de-ionized water was purged with N2 for 2 hours and then deionized 
deoxygenated water (DDW) was stored in the anaerobic chamber. 
 0.1M of Na2S.9H2O and 0.05M of FeCl3.6H2O were prepared in 500 mL bottles 
using DDW. 
 500 mL of 0.1M Na2S.9H2O was added into 500 mL of 0.05M FeCl3.6H2O to 
make 1:2 mole ratio of Fe:S and pH was adjusted to 6.5. 
 To facilitate the formation of nuclei, heat was applied by a microwave device 
with ramp temperature of 100⁰C and wavelength-power of 1600W for half an 
hour. A microwave digestion bomb (45 mL, Parr Instrument Company) was used 
as a container to endure high pressure and temperature. 
 Initial pH of the prepared pyrite suspensions was measured. 
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 The prepared pyrite suspensions was centrifuged with 40 mL centrifuge tubes for 
30 minutes at 10,000 rpm and 15⁰C to separate solids from liquid. Centrifugation 
was done for three times to ensure maximize separation and then the separated 
pyrite was washed several times with DDW to remove the remaining Fe and S 
ions on the surface of pyrite. All pyrite solid suspension was transferred into 250 
ml polystyrene bottles and then the pH of the washed pyrite solid suspension was 
immediately measured. 
 To determine solid concentration of pyrite suspensions, 1 mL of pyrite solid 
suspension was transferred to known mass of eight vials and then these vials 
were dried in the oven overnight. The mass difference of vials with and without 
pyrite determines the amount of FeS2 prepared (g/L) and this pyrite suspension 
was used as stock solution of pyrite in all mercury removal experiments. 
The pyrite synthesized in our laboratory was characterized by surface analysis. 
SEM/EDX analysis showed that the mass percentage of synthesized pyrite was 83% 
(Figure 5). Average particle size of synthesized pyrite was around 400 nm. 
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Figure 5.  (a) X-ray diffraction pattern and (b) Scanning electron microscopy image 
of synthetic Pyrite and (c) mass distribution of synthetic pyrite. 
 
 
3.4 Mercury removal experiments 
For the rejection test, each of 0.2 g/L of pyrite suspension ( 6 g/L Pyrite dry weight) and 
2 mg/L of Hg(II) were prepared in each 250 mL volumetric flask and they were added 
into UF reservoir to make a feed solution of 1 mg/L Hg(II) in the presence of 0.1 g/L 
pyrite. Although mercury concentrations in natural water were reported to be as low as 
μg/L range [109, 110], higher concentration of Hg(II) was chosen in this experiment to 
evaluate the efficiencies of our system for mercury removal from wastewater 
contaminated with mg/L level of mercury. Since the sorption capacity of pyrite for 
mercury was found to be 7 mg Hg/g [15], 0.1 g/L of pyrite suspension could be 
appropriate for filtration experiment in this system. In addition, the pH higher than 
neutral has been reported to be favorable for efficient removal of mercury by pyrite in 
short time [111]. Moreover, Hg-chloro complexes predominate at pH less than 8 which 
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might be unfavorable for adsorption of mercury onto pyrite [9, 111]. Therefore, pH of all 
solutions were adjusted to around 8.0 ± 0.1 by deoxygenated NaOH and HCl. 
Each chemical solution of feed water was prepared in anaerobic chamber and 
they were kept in the chamber until the experiment starts. For the desorption test, 0.1M 
thiosulfate (S2O3
2-) solution was fed into the UF cell possessing Hg/pyrite-deposited 
membrane in order to investigate the extent of desorption of Hg(II) that was attached to 
pyrite on the membrane surface. For the evaluation of additional removal capacity of the 
Hg(II)-contacted pyrite deposited on the membrane that was made in the previous steps, 
additional volumes of water containing 1 mg/L Hg(II) were fed into the UF cell. Once 
the filtration experiment is finished, the Hg/pyrite-deposited membrane was collected 
and stored in the anaerobic chamber until analysis for surface characterization.   
To study the effect of anions (SO4
2-, NO3
2-and Cl-) on the behavior of mercury 
removal by pyrite (FeS2), experiments were conducted in the presence of 0.01 M of each 
of SO4
2-, NO3
2-, and Cl-. Anions were reported to affect significantly the sorption 
behavior of Hg and other heavy metals by pyrite [23, 112]. Although the reported values 
of anions in the environment are very low [112], high concentration of anions was 
chosen in this study to evaluate the efficiencies of our system for mercury removal from 
wastewater in the presence of high concentrations of anions. To study the effect of 
natural organic matter (NOM) on filtration experiments, humic acid (HA) was used as a 
representative of NOM. Two different concentrations of HA (1 mg/L and 0.2 mg/L) was 
combined with the 1 mg/L Hg(II) solution to evaluate the effect of HA on Hg removal. 
Increased concentration of HA can reduce the adsorption of Hg(II) onto pyrite by 
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competing with Hg(II) for active site of pyrite and subsequently passivating pyrite 
surface by reversible and irreversible adsorption of HA onto pyrite [25]. At low ratio of 
HA to Hg, Hg(II) can be reduced to Hg(0) by HA, whereas this reduction decreases with 
increasing HA concentration by complexation of Hg and HA and at very high HA 
concentration the reduction is completely outcompeted by complexation [113].  
3.5 Removal of Hg(II)-contacted FeS2 using ultrafiltration membrane system 
Both DE/UF and CF/UF membrane systems were used to evaluate the separation 
(or rejection) of Hg-contacted pyrite. In DE/UF system, an 800 mL glass reservoir 
container was connected to a 300 mL glass cell. Inside the glass cell, a regenerated 
cellulose (RC) membrane of 30 kDa MWCO with surface area of 31.7 cm2 was placed. 
Pressure was kept constant at 14.5 psi (1 bar) by a compressed N2 cylinder connected to 
the system. Ultrafiltration membrane can be initiated under low pressure ranging from 
less than 1 bar to 10 bar [2, 79]. At high pressure permeate rate increases. The effect of 
permeate rate on fouling was investigated and increased fouling was reported at high 
permeation rate [22] because of the rapid accumulation of particles by convective 
transport onto the surface. With high pressure small contaminants may pass through the 
membrane pores and deteriorate permeate quality. Also high operating pressure 
increases the operating cost. That is why low operating pressure was used in both cases.  
In CF/UF system, solutions were prepared in a 1000 mL glass reservoir that is 
connected to CF/UF membrane cassette possessing a polyethersulphone ultrafiltration 
membrane of 1000 kDa with surface area of 50 cm2 through flow tube lines. Pressure 
was kept at 5 psi transmembrane pressure. Prior to initiation of the filtration 
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experiments, the virgin membrane was washed with 1 L of DDW and then the initial 
flux of the clean membrane was obtained. 
3.5.1 Operation procedures of DE/UF system 
To evaluate the continuous removal of Hg(II) adsorbed by pyrite, several 
experiments were performed using a low pressure-driven dead-end (DE) ultrafiltration 
(UF) device with non-stirred mode under N2-purged system. The setup of the DE/UF 
system is schematically represented in Figure 6, in which a reservoir for feed water and a 
UF reactor for rejection of solid suspension were connected with lines through an 
adapter box for control of both gas and water flow. At the beginning of rejection test, 
two stock solutions of 2-mg/L Hg and 0.2-g/L pyrite were poured into UF reservoir to 
provide 1 mg/L Hg as initial concentration in the presence of 0.1 g/L pyrite and then the 
inflow air was immediately evacuated several times by nitrogen gas to ensure anoxic 
conditions. Afterwards, those stock solutions were mixed by stirrer for 30 minutes 
allowing reactions to occur and then all solutions was transferred into UF stirred cell as 
feed water by a pressure of 14.5 psi. This is an initiation of the step II experiment. 
Herein, permeate water was collected over time until all feed solution was consumed in 
order to investigate water flux, pH change and particle rejection. Subsequently, 0.1M 
thiosulfate (S2O3
2-) solution was fed into the UF stirred cell possessing Hg/pyrite-
deposited membrane in order to investigate the extent of desorption for Hg(II). This is 
the step III which is the final step for the rejection test. 
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Figure 6. Schematic representation and flow chart of the dead-end ultrafiltration 
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For recycle test, steps I and II and preparation of all solutions followed the same 
procedure of the rejection test. Subsequently, additional removal capacity of the 
membrane was evaluated as step III by feeding more Hg(II) solutions (1 mg/L) into the 
UF cell. To evaluate the effect of anions and HA, each anions and HA were added to 
Hg(II) solution in the presence of pyrite in step I. Once the filtration experiment is 
finished, the Hg/pyrite-deposited membrane was collected and stored in the anaerobic 
chamber until surface analysis. 
The flux and percentage of Hg removal were calculated using the following 
equations: 
  
Flux (L/m2.min) = (volume of water (L))/(surface area of membrane 
(m2)) × time to collect permeate water (min) 
 
  
3.1 
% Hg removed = (Hg concentration in feed solution – Hg 
concentration in permeate solution)×100%/(Hg 
concentration in feed solution) 
 
 
3.2 
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3.5.2 Operational procedure of CF/UF system 
The CF/UF system was also used for rejection of Hg(II)-contacted pyrite. Figure 
7 shows the flow diagram of the CF/UF system where feed water flows from water 
reservoir to CF/UF membrane unit by a peristaltic pump. For step I, 0.1 g/L pyrite was 
contacted with 1 mg/L Hg(II) at pH 8 for 30 minutes by magnetic stirring allowing  
reactions to occur. In the step II, these Hg(II)-contacted pyrites were circulated with 
retentate mode as feed water through Pellicon® XL cassette containing 1000 KDa 
Polyethersulfone (PES) UF membrane (50 cm2) where the PES membrane is placed 
between sieve-like two layers (Figure 8). In step III, 0.1 M thiosulfate solution was 
continuously passed through the Hg-contacted pyrite deposited on the membrane while 
retentate line is closed. Similar to DE/UF system, the permeate water during operation of 
CF/UF system was collected over time. For recycle test, it followed the same procedure 
of steps I and II for rejection test. Subsequently, additional removal capacity of the 
membrane was evaluated as step III by feeding more Hg(II) solutions (1 mg/L) into the 
UF cell. To evaluate the effect of anions and HA, each anions and HA were added to 
Hg(II) solution in the presence of pyrite in step I. Once the filtration experiment is 
finished, the Hg/pyrite-deposited membrane was collected and stored in the anaerobic 
chamber until surface analysis. 
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Figure 7. Schematic representation and flow chart of the cross-flow ultrafiltration 
membrane system experiments. 
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Figure 8. Structure of PES UF membranes and SEM/EDS images of PES 
membranes after contact with pyrite suspension. 
 
 
3.6 Analysis of aqueous-phase and solid-phase samples 
Permeate water collected from filtration experiments was analyzed for Hg, Fe 
and pH. The pH was monitored using thermo triode pH meter calibrated with 3 different 
standard buffers (4, 7 and 10 pH) to minimize the uncertainty of the determined pH 
value. Even using accurate standard solutions uncertainty cannot be reduced below 
±0.02 pH units and can be increased by a factor of 2 while moving from 7 to 2 or 11 
[114]. In this study, a standard error of ± 0.1 pH unit was assumed. Mercury 
concentration in permeate water was measured using cold vapor atomic absorption 
spectrometry (CV-AAS). The average recovery (accuracy) and the relative standard 
deviation (precision) of the Hg measurement were obtained to be 102 % and 2.7 % 
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respectively. A method detection limit (MDL) of CV-AAS was calculated as 8 𝞵g/L. 
Total iron concentration in permeate water was measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES). The average recovery and relative standard 
deviation of the Fe measurement were 99% and 2.9% respectively. The MDL was 
calculated as 11 𝞵g/L.  
3.7 Surface characterization of solid samples and membranes 
The surface of solid samples were characterized using surface analysis 
techniques, including scanning electron microscopy (SEM) for sample's surface 
topography and composition and X-ray photoelectron spectroscopy (XPS) to analyze the 
surface chemistry (oxidation state) of a solid. Prior to SEM analysis, the membranes 
were coated with palladium/gold alloy through a vacuum-sputtering technique to prevent 
the accumulation of electrostatic charge at the surface. Otherwise, scanning faults or 
other image artifacts could occur. The secondary SEM images were collected at a 
working distance of 10-15 mm under the acceleration voltage of 20-25 kV. Image 
magnification ranged from 200 to ×80,000. The oxidation states of final solid deposited 
on the membrane were investigated using a Kratos Axis Ultra Imaging XPS. The XPS 
spectra were obtained using a monochromatic Al Kα X-rays. To correct shift of XPS 
spectra caused by charge effects, the binding energy of the C 1s at 284.6 ± 0.1 eV was 
used as an internal reference to calibrate all collected XPS spectra. The high resolution 
narrow scans for S 2P, Hg 4f, Fe 2P, O 1s and C 1s were collected under low pass 
energy of 20 eV with 10 sweeps to increase the signal-to-noise. All XPS spectra were 
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fitted using a XPSPEAK41 fitting program to convolute each XPS spectra for 
identification and quantification of surface element species.  
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4. RESULTS AND DISCUSSION 
 
4.1 Dead end ultrafiltration 
4.1.1 Rejection of Hg-contacted pyrite using DE/UF system 
The DE/UF system was used to investigate the extent of rejection of Hg-contacted pyrite 
by 30 kDa regenerated cellulose (RC) UF membrane as affected by various parameters 
such as humic acid (HA) and competing anions (Cl-, SO4
2-, and NO3
-). The experimental 
sets for Hg(II) removal by pyrite supported membrane system were classified as: 1) 
pyrite + Hg , 2) Pyrite + Hg + anion mixtures (10 mM Cl-, 10 mM SO4
2-, 10 mM NO3
-), 
3) pyrite + Hg + 0.2 mg/L HA, 4) pyrite +  Hg + 1 mg/L HA. In the course of filtration, 
experimental data were presented in terms of flux, pH change, and Hg(II) and Fe 
concentration in permeate water.  
Figure 9 shows flux decline of four different cases. Each solution showed severe flux 
decline due to membrane fouling. Membrane fouling can occur by pore constriction, 
pore blocking, or formation of cake layer by deposition of particles on the surface [80]. 
To evaluate the fouling mechanism, the flux model proposed in the literature [11, 80] 
was used. This model is presented by the following Equation: 
  
 J = J0(1 + kt)
-n (9) 
 
Where, J is the flux at a given time t, J0 is the initial flux, k is the empirical rate constant 
and n is the theoretical power corresponding to fouling mechanism. The values of 0.5, 1, 
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1.5 or 2 indicates that flux decline is due to the cake formation, internal pore 
constriction, partial pore blocking and complete pore blocking, respectively. In this 
study, all four values were applied to the flux decline model and model parameters were 
optimized using nonlinear regression with “nlinfit” function using MATLAB. The least 
value of the sum of squared residuals (SSR) provides a best fit of the model to 
experimental data. Table 2 shows that in the case when cake formation model was used 
(n = 0.5), SSR were minimum. Detailed graphs are presented in appendix. Therefore, the 
flux decline in Figure 9 is mainly caused by the cake formation on the surface of UF 
membrane. The other effects are negligible. 
 
 
  
Figure 9. Flux decline of Hg(II)-contacted pyrite suspension using DE/UF system as 
affected by anions and HA. Conditions: 0.1 g/L pyrite, 1 mg/L Hg(II), 14.5 psi 
pressure, pH 8, 10 mM anions (Cl-, SO42-, NO3-), 0.2 and 1 mg/L HA. 
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Relatively lower permeability in the case of pyrite+Hg+HA as compared to other 
cases was observed. Membrane fouling would be a complicated phenomenon if organic 
substances are present. The co-presence of HA with Hg may result in high rate of flux 
decline due to the formation of irreversible gel-like compact cake layers [22, 115, 116].  
 
 
Table 2. Summary of flux decline model parameters for experiments for rejection 
of Hg(II)-contacted pyrite under various solution compositions. 
Sample  
 
n = 0.5 n = 1 n = 1.5 n = 2 
SSR K SSR k SSR k SSR k 
Only Hg 0.0054 0.1108 0.0291 0.0350 0.0573 0.0198 0.0770 0.0137 
Hg + 
Anions 
0.0024 0.1391 0.0516 0.0411 0.0967 0.0228 0.1273 0.0155 
Hg + 
1mg/L 
HA 
0.0095 0.2560 0.0454 0.0692 0.0972 0.0372 0.1348 0.0250 
Hg + 0.2 
mg/L 
HA 
0.0030 0.1651 0.0517 0.0484 0.0940 0.0267 0.1226 0.0182 
 
 
Humic substances can form complexes with both Hg(II) [20, 24] and pyrite [25], finally 
creating macromolecules. Deposition of these larger macromolecule can make thick cake 
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layer on the surface of the membrane. HA are negatively charged because of presence of 
negatively charged carboxylic or phenolic group, eventually causing electrostatic 
repulsion between molecules of HA. However, complexation of HA with pyrite or with 
Hg could reduce electrostatic repulsion between HA molecules, which help to form 
coiled and spherical shape among them, finally producing a more compact layer on the 
surface of membrane [22, 38, 117]. However, there is no substantial difference in flux in 
case of Hg+0.2 mg/L HA comparing with solutions without HA. The flux decline 
depends on feed solution composition [118]. For HA, the flux decline of the case with 
0.2 mg/L HA was not much different than with 1 mg/L HA. Moreover, with decreasing 
HA concentration, the size of complexation molecules can decrease [23, 113]. Reduced 
size of complexation molecules may result in thin cake layer on the surface of 
membrane, possibly leading to less flux decline. Similarly, the presence of anions also 
resulted in slightly greater flux decline than that of only Hg, because of deposition of 
precipitate salts on the membrane surface. The precipitated layer makes the Hg-
contacted pyrite cake layer denser and thicker. The precipitated salt also can block pore 
entrance due to increased precipitated salt over filtration time. 
Figure 10 shows several pictures of the membrane before and after filtration 
experiments and after drying in anaerobic chamber. After drying the membrane surface 
looks like yellowish color for all cases but more yellowish for both HA (Figure 10e, f). 
The change in color may be related to the oxidation of membrane surface. Quantitative 
analysis of elements by XPS (Figure 11) shows high percentage of elemental oxygen in 
all cases. High percentage of elemental oxygen would be resulted from exposure of 
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Figure 10. Images of RC membrane surfaces: (a) before filtration, (b) after 
filtration, and  (c), (d), (e), and (f) are surface images of membrane for after drying 
in the anaerobic chamber in case of only Hg(II), Hg+anions, Hg+0.2 mg/L HA and 
Hg+1 mg/L HA respectively. 
 
 
membrane to air during transportation to anaerobic chamber after experiments and 
during preparation of sample for SEM and XPS analysis. 
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Figure 11. Quantitative analysis of elements on the membrane surface by XPS. 
Conditions: pH 8, anoxic conditions under 14.5 psi pressure.  
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Figure 12. SEM images of RC membrane surfaces. Left side shows top view and 
right side shows cross sectional view of membranes for all conditions: (a, e) only 
Hg(II), (b, f) Hg+anions, (c, g) Hg+0.2 mg/L HA, (d, h) Hg+1 mg/L HA. Red circle 
denotes the cake layers. Conditions: pH 8, anoxic conditions under 14.5 psi 
pressure. 
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Figure 12 shows the top view and cross sectional view of SEM images of 
membrane surfaces for all conditions. The cross sectional images (Figure 12e, f, g, h) of 
the membrane surface depicts that Hg-contacted FeS2 formed a thick cake layer on the 
membrane surface. No particle penetrated into the pore of the membrane. Top view 
images (Figure 12a, b, c, d) show that the cake layer covered the whole area of 
membrane surface. So, cake formation on the membrane surface was the dominant 
fouling mechanism in all cases. Top view images also show that in case of Hg and 
Hg+anions, fouling layers look like relatively porous whereas layers for case of Hg+0.2 
mg/L HA is less porous and some gel like material over the porous material. In case of 
Hg+1mg/L HA, the surface was almost completely covered by gel-like layer. The 
deposition of the gel-like layer is attributed to highest flux decline comparing to others. 
The SEM images also show different morphology development on the membrane 
surface. There are many cube-like crystal particles which are major shape of pyrite, with 
their particles clusters evident in case of HA. The difference in morphology is related to 
the final solids resulted from the interaction of Hg(II) and pyrite in presence of different 
chemicals. This particle clusters may be related to the precipitation of Hg-HA on the 
membrane surface along with the complex of Hg-pyrite which might form cube-like 
structure.  
At the same time, other parameters such as pH, concentrations of Hg and Fe in 
the same permeate water were measured and their relative experimental results are 
shown in Figure 13 and Figure 14. Figure 13a shows that the initial pH of 8 decreased to 
near pH 6 at all cases.  
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Figure 13. Time-profiled (a) pH and concentrations of (b) Hg in the permeate water 
obtained from DE/UF system for rejection of Hg(II)-contacted pyrite suspension as 
affected by anions and HA. conditions: 0.1 g/L pyrite, 1 mg/L Hg(II), 10 mM anions 
(Cl-, SO42-, NO3- ), 0.2 and1 mg/L HA, 14.5 psi  pressure, pH 8, anoxic condition. 
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The decrease of pH 8 to around pH 6 is likely due to sorption of Hg-hydroxo 
complexes onto pyrite surface by releasing proton into solution [1, 8, 23]. 
 
 FeS2+ Hg
2+ + H2O = FeS2·····Hg(OH)n
(2-n)++H+ (4.1) 
 
Furthermore, pyrite is thermodynamically unstable in the aqueous media with 
dissolved oxygen [1, 119]. It cannot be ensured that the whole process is completely 
anoxic condition. During transferring the feed solutions from glove box to feed water 
reservoir, the feed solutions were partially exposed to air for few seconds. Pyrite 
oxidation is a complex phenomenon and possibilities are numerous. Both sulfur and iron 
(II) can be oxidized. Pyritic sulfur can be oxidized to sulfate by dissolved oxygen. But 
the oxidation of Fe(II) produce Fe(III) which is another oxidizing agent for pyrite, 
eventually leading to pyrite oxidation by both oxygen and Fe(III) and increase the 
acidity of the solution [1, 8, 119-122] as below reaction equations. 
 
 FeS2+ 7/2 O2 + H2O = Fe
+2 + 2SO4
2-+ 2H+ 4.2 
 Fe+2 + 1/4 O2 + H
+ = Fe+3 + 1/2 H2O 4.3 
 FeS2+ 14 Fe
3+ +  8H2O = 15Fe
+2 + 2SO4
2-+ 16H+ 4.4 
 
At neutral or basic pH, the oxidation kinetics was reported to be fast [27]. 
Slightly less pH decrease was observed in presence of anions in the solution comparing 
with other solutions. This may be due to the complexation between Hg(II) and anions 
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such as Hg-Cl2 [123], resulting in less free Hg available for formation of Hg-OH
+ or 
FeS2-Hg-OH complex.  
In this study, all cases reached around 99% removal of Hg (Figure 13b), 
indicating that almost all mercury were adsorbed onto pyrite nanoparticles and the final 
solids were completely rejected by ultrafiltration membrane system.  The presence of 
anions and HA didn’t affect the removal efficiency of the system. 
Figure 14 shows that Fe was not detected in the permeate water. As almost 100 
% removal of mercury was achieved and there is no Fe in permeate water, the possibility 
of the formation of significant quantities of HgS which results from replacing Fe with 
Hg in the solid phase and release Fe can be eliminated. However, the possibility of 
formation of small amount of HgS cannot be ruled out by only the relationship between 
Hg removal and Fe release. None detection of Fe in permeate water can occur in two 
ways: a) Fe released due to structural substitution by Hg can be re-adsorbed on pyrite 
surface or precipitated as iron (hydr)oxide, b) No Fe release from pyrite at all. Our 
experimental methodology cannot distinguish between these two phenomena. Surface 
characterization technique such as XPS will be helpful to identify various reaction 
products and reaction mechanisms. Considering all of the aspects, adsorption of mercury 
species onto pyrite surface and the resulting surface complexation seems to be the most 
plausible removal mechanism of mercury as one of the various possible scenarios.  
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Figure 14. Time-profiled Fe concentration in the permeate water obtained from 
DE/UF system for rejection of Hg(II)-contacted pyrite suspension as affected by 
10mM anions and HA: 0.1 g/L pyrite, 1 mg/L Hg(II),10 mM anions (Cl-, SO42-, 
NO32-), 0.2 and 1 mg/L HA,14.5 psi pressure, pH 8, anoxic condition 
  
 
4.1.2 Stability of Hg/pyrite-deposited DE/UF system   
The physical and chemical stability of Hg(II)-contacted pyrite deposited on the 
membrane surface was evaluated using 0.1M thiosulfate concentration because 
thiosulfate has strong affinity [1, 17] for mercury. The chemical stability was evaluated 
by detecting Hg in the permeate water after flowing thiosulfate solution through the 
solids-loaded membrane. Figure 15 shows that there were no substantial changes in flux 
for all cases, indicating the transmembrane pressure (TMP) occurred by flow rate of 
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thiosulfate passed through all types of pyrite-deposited membrane which did not affect 
physically the cake layers formed on the surface of membrane.  
 
 
  
Figure 15. Flux decline of Hg(II)-, Hg(II)/anions-, Hg(II)/HA-contacted pyrite 
deposited on the membrane surface as fed by 0.1M thiosulfate (S2O32-) solution: 
14.5 psi pressure, pH 8, anoxic condition. 
 
 
To evaluate desorption of Hg and effect of thiosulfate on the behavior of the 
system, variation of pH and Hg concentration were monitored over time of flowing 
thiosulfate through solids-loaded membrane and the experimental results are shown in 
Figure 16. Herein, the range of pH (Figure 16a) varied between 7.5 and 6.8 for all 
experimental conditions, but the magnitude of change is not significant comparing with 
the rejection test in the second step (Figure 13). The change in pH may be due to the 
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interaction of thiosulfate with the solid deposited on the membrane. Thiosulfate can be 
oxidized to tetrathionate by residual dissolved oxygen or iron (III) mediated by pyrite 
[124]. Thiosulfate and tetrathionate can be decomposed to sulfate and proton via 
disproportionation reaction according to equation (4-5) and (4-6) [125] and pH of the 
solution. 
 
 S2O3
2- + H2O = SO4
2- + HS- + H+ 4.5 
 S4O6
2- + 12H2O = 9SO4
2- + 7HS- + 17H+ 4.6 
 
Figure 16b shows that there was insignificant Hg release after contact with thiosulfate, 
which means that the pyrite contacted with Hg, or Hg/anions, or Hg/HA that were 
deposited on the membrane surface are very stable by formation of certain precipitates or 
surface complexes. For comparison, Behra (2001) [1] found more than 89% desorption 
of Hg form Hg(II)-contacted pyrite after 3 hours contact with 0.1M thiosulfate solution 
at pH 7.1. Hyland (1990) [17] also found around 90% desorption of Hg from the Hg(II)-
contacted pyrite after contact with 0.1M thiosulfate at pH 6.7. The different level of 
sorption/desorption for Hg(II) may be due to different experimental conditions and  
characteristics of the pyrite utilized for Hg sorption. Also, anoxic conditions were not 
secured during the experiments conducted by Behra (2001) and Hyland (1990). 
Oxidation of pyrite surface results in the formation of a monolayer of 
iron(oxyhydroxides) [1] which is less reactive than pyrite for Hg(II). Also in those 
experiments relatively large amount of Hg was used in adsorption test compared to our  
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Figure 16. (a) pH and (b) Hg concentration for stability test of Hg(II), 
Hg(II)/anions-, Hg(II)/HA-contacted pyrite deposited on the membrane surface as 
fed by 0.1M thiosulfate (S2O32-) solution: 14.5 psi pressure, pH 8, anoxic condition.   
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experiments. Excess Hg may saturate the pyrite surface by forming a monolayer and 
results in a weakly bound species on the surface of monolayer.  
However, in this study, detection of small amount of mercury in the permeate 
water were observed for cases of both only Hg(II) and Hg(II)/anions. It may be 
attributed to the mixed physical and chemical adsorption mechanisms. The physiosorbed 
Hg species are then desorbed by thiosulfate ligands. Also, in case of anions, the weakly 
bound Hg-Cl complex can be detached easily by strong thiosulfate ligands. It also 
suggest the possibility of more than one Hg species formed by interaction of Hg and 
different sorption sites of pyrite such as oxidized pyrite surface. Experiments conducted 
by Behra [1] also found low desorption of Hg at high pH using strong I- ligands. It was 
suspected that pyrite surface was consisted of two surface sites; ≡S-H and ≡O-H sites, in 
which the Hg sorbed onto ≡O-H sites via co-oxo coordination, were desorbed by strong 
ligands. Hyland [17] found two types of S species in the interaction of Hg and PbS by 
XPS analysis in which one (Hg3S2Cl2) was easily desorbed by thiosulfate solution at pH 
6.7 while the other (HgS) was not desorbed. 
4.1.3 Recycle of Hg/pyrite-deposited DE/UF system 
To evaluate the remaining removal capacity of pyrites contacted with Hg, 
Hg/anions, or Hg/HA which were deposited on the membrane surface, additional feed 
solutions (i.e., Hg; Hg+anions; Hg+0.2 mg/L HA; Hg+1 mg/L HA) were prepared 
without pyrite and fed into DE/UF system under the same DE/UF operation conditions 
applied in the previous experiments. Figure 17a shows that flux was almost constant 
from the beginning to the end of recycle test for all types of feed solutions. In the recycle  
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Figure 17. Results of experiment to determine additional removal capacity. (a) 
Normalized flux; (b) pH. Conditions: 1 mg/L Hg(II), 14.5 psi pressure, pH 8, 10 
mM anions (Cl-, SO42-, NO32-), 0.2 mg/L and 1 mg/L HA. 
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test, the added feed solution just passed through the membrane without making any 
physical impact on the cake layer. Figure 17b shows the change in pH with time. Similar 
to rejection test, pH was decreased to around 6 in all cases. Again, less decrease in pH in 
case of Hg+anions was observed. Similar mechanism of change of pH in rejection test is 
applicable here. In brief, the pH change indicates that the Hg(II) was adsorbed as 
hydrolyzed species(Hg-OH) on the surface of final solid deposited on the membrane. In 
case of Hg+anions, formation of Hg-anion complexes reduces the free Hg to make 
complex with OH. But the effect of anions is not much significant. And in case of HA, 
dissociation of HA along with ternary surface complexes of Pyrite-Hg-OH may attribute 
to the observed pH decrease.  
However, % removal of Hg reached almost 100% and were constant until the 
ranges of permeate volumes (1L) that were applied in this study (Figure 18a). These 
results indicate that this system is efficient for continuous and complete removal of Hg 
from water. It also indicates further removal capability of DE/UF system for large 
volumes of Hg contaminated waters. Also, there was no significant release of Fe for all 
cases (Figure 18b).  
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Figure 18. Results of experiment to determine additional removal capacity. (a) Hg 
concentration (b) Fe concentration. Conditions: 1 mg/L Hg(II), 14.5 psi pressure, 
pH 8, 10 mM anions (Cl-, SO42-, NO32-), 0.2 mg/L and 1 mg/L HA. 
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4.2 Cross flow ultrafiltration 
4.2.1 Rejection of Hg-contacted pyrite using CF/UF system 
In order to evaluate the rejection of the final solids that were contacted with 
Hg(II) using cross flow ultrafiltration system, a 1000 kDa PES membrane with the mode 
of CF/UF under transmembrane pressure of 5 psi was used for this purpose. For a series 
of the filtration experiments in the Step I and II, various experimental conditions were 
considered: 1) Hg alone, 2) Hg + anions, 3) Hg + 1 mg/L HA, 4) Hg + 0.2 mg/L HA. 
The obtained experimental data are described in terms of flux, pH change and Hg(II) and 
Fe concentrations in permeate water. 
Figure 19 shows that the flux declines in all experimental sets over filtration 
time, with significant decline in the solution containing Hg+1 mg/L HA. The observed 
flux decline could be from the formation of cake layer due to the deposition of Hg-
contacted solids on the membrane surface, pore constriction and partial or complete pore 
blocking. The co-presence of HA with Hg may form irreversible gel like compact layer, 
eventually resulted in more flux decline. Similar pattern of flux decline was also 
observed for the experiments using DE/UF system as described in previous sections. 
However, the CF/UF showed higher permeability rate than that of DE/UF. This may be 
due to the differences in pore sizes. The membrane with larger pore size is expected to 
show better permeability than membrane with small pore size. The pore sizes of CF/UF 
membrane (0.13 𝞵m) is larger than that of DE/UF membrane (0.004 𝞵m). Another 
possible reason for improved flux is the occurrence of shear flow in CF/UF system in 
which feed solution is flowing tangentially with the membrane surface. 
 61 
 
  
Figure 19. Flux decline of Hg(II)-contacted pyrite suspension using CF/UF system 
as affected by anions and HA: 0.1 g/L pyrite, 1 mg/L Hg(II), 5 psi transmembrane 
pressure, pH 8, 10 mM anions(Cl-, SO42-, NO3-),  and 0.2 and 1 mg/L of HA. 
  
  
The vibratory shear flow can prevent retention of materials on the membrane surface and 
increase permeate flux [11, 126].  
Figure 20 shows the SEM images of PES ultrafiltration membrane obtained after 
filtrating each feed water containing different solution compositions. The cross-sectional 
and top-view SEM images of the membrane surface indicate that a thick cake layers 
were formed on the surface of the membrane and these layers are more substantial in the 
presence of HA. Also, there were no depositions of particles inside the pore. 
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Figure 20. SEM analysis of PES CF/UF membrane after rejection test. Red circles 
denote cake layer. Left side shows cross sectional view and right side shows top 
view of membrane; (a,b) only Hg, (c,d) Hg+anions, (e,f) Hg+0.2 mg/L HA, (g,h) 
Hg+1 mg/L HA. Conditions: pH 8, 5 psi transmembrane pressure and anoxic 
condition. 
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Thus, these SEM results can support the hypothesis that the flux decline in the CF/UF 
system is attributed to fouling resulted from formation of cake layers on the membrane 
surface. In addition, the top-view SEM image of the solids deposited on the membrane 
for the case of Hg+1mg/L HA shows more dense gel-like layers than the case of Hg+0.1 
mg/L HA. Thus, the higher flux decline in case of Hg+1mg/L can be caused by 
deposition of more dense gel-like layers on the membrane. Regardless of the type of feed 
water, the particles on the membrane show crystalline cubic shape of the pyrite and they 
are present with particle clusters.  
Accordingly, the change of pH and concentrations of Hg in the same permeate 
water were monitored over filtration time and the experimental results are presented in 
Figure 21. Similar to DE/UF, considerable drop of pH was observed in all cases due to 
possible behavior that was described before in ‘Section 4.1.1. 
Figure 21b shows Hg concentration in permeate water. Similar to DE/UF 
membrane system, the CF/UF membrane system completely rejected the final solids of 
Hg(II)-contacted pyrite, pyrite-Hg(II)-HA or pyrite-Hg(II)-anions by a fact that there is 
no release of Hg(II), except at initial filtration time when small amount of Hg was 
detected in the case of Hg without anions or HA. However, comparing with initial 
concentration of Hg(II), the released amount is very low.  
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Figure 21. Measurement of  (a) pH and (b) concentrations of Hg in the permeate 
water as affected by anions and HA: 0.1 g/L pyrite, 1 mg/L Hg(II), 5 psi 
transmembrane pressure, pH 8, 10 mM anions (Cl-, SO42-, NO3-), 0.2 and 1 mg/L 
HA.  
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Figure 22. . Measurement of Fe concentration in the permeate water as affected by 
anions and HA: 0.1 g/L pyrite, 1 mg/L Hg(II), 5 psi transmembrane pressure, pH 8, 
10 mM anions (Cl-, SO42-, NO3-), 0.2 and 1 mg/L HA. 
  
  
Fe concentration in permeate water is shown in Figure 22. There was no release 
of Fe ions in the permeate water after 10 minutes of filtration, although some extent of 
Fe concentration was observed in all cases at the beginning of the experiment. This 
release might be related to leakage of small-sized pyrite particles through the membrane 
before cake layer formation.  
4.2.2 Stability of Hg/pyrite-deposited CF/UF system 
Once step II of the experiment was finished, desorption tests (step III) of Hg(II) 
being bonded to pyrite deposited on the membrane were subsequently performed with 
0.1M thiosulfate solution. Figure 23 shows that no significant change of the flux of 
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thiosulfate solution through the final solids deposited on the membrane displayed after 
contact with 0.1M thiosulfate, meaning that cake layers formed by the pyrite solids on 
the membrane surface are chemically stable.  
 
 
  
Figure 23. Time profiled flux decline for stability test of Hg(II), Hg(II)/anions-, 
Hg(II)/HA-contacted pyrite deposited on the membrane surface as fed by 0.1M 
thiosulfate (S2O32-) solution: 5 psi transmembrane pressure, pH 8, anoxic condition. 
  
 
In all cases, pH initially decreased to around 7 (Figure 24a), with no significant 
variations of pH over filtration time, indicating that after contact with Hg-contacted 
pyrite, there is no further specific chemical reactions which may result in the release of 
proton caused by either complexation of thiosulfate with Hg-pyrite complexes or the  
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Figure 24. Time profiled a) pH and b) Hg concentration in permeate water for 
stability test of Hg(II), Hg(II)/anions-, Hg(II)/HA-contacted pyrite deposited on the 
membrane surface as fed by 0.1M thiosulfate (S2O32-) solution: 5 psi 
transmembrane pressure, pH 8, anoxic condition. 
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resulting structural change of the pyrite. Thus, the Hg(II) being bonded to final solids 
retained on the membrane is chemically stable. Thiosulfate can be partially oxidized to 
tetrathionate by dissolved residual oxygen [124].  
Small amount of Hg(II) was detected in all solutions with concentration levels 
less than 20 μg/L after 5 minutes of filtration of thiosulphate solution (Figure 24b). The 
occurrence of Hg(II) in the permeate water might be caused by a little amount of the 
relative weak complexes of Hg(II) with pyrite that would be easily broken by shear flow 
occurred by cross-flow mode. That will be true for only initial contact time of 
thiosulphate solution during desorption test. In general, the surface of pyrite consists of 
two sorption sites[1] such as ≡S-H and ≡Fe-OH sites, in which Hg(II) sorbed onto ≡Fe-
OH sites can be desorbed by strong ligands, whereas the Hg(II) associated with ≡S-H 
sites cannot be desorbed easily by thiosulphate. As the amount of Hg desorbed by 
thiosulfate is apparently very low after 5 minutes of initial filtration time, it can be said 
that the percentage of the latter species is predominant over the former species.  
4.2.3 Recycle of Hg/pyrite-deposited CF/UF system 
To investigate the additional sorption capacity of all types of solids-deposited UF 
membrane for Hg(II) (recycle test), additional volumes of Hg(II) solutions were fed into 
CF/UF system without or with  anions and humic acid in a way that was conducted in 
the previous step (Step I and II) excluding Step III. Figure 25a shows that flux was 
almost constant from the beginning to end of recycle test for all types of feed solutions. 
The added feed solution just passed through the membrane while Hg(II) was being 
deposited onto the membrane without making any physical impact on the cake layer.  
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Figure 25. a) Normalized flux and b) pH in experiments for determining additional 
removal capacity.  Conditions: 1 mg/L Hg(II), pH 8, 10 mM anions (SO42-, NO3-, Cl-
),  0.2 and 1 mg/L HA, 5 psi transmembrane pressure. 
  
 
 70 
 
These additional feed solutions are not involved in fouling that cause flux 
decline. In the recycle test, changes of pH (Figure 25b) in permeate water for all cases 
were similar to pH changes in all cases for DE/UF system and rejection test for CF/UF 
system, where the pH is believed to be affected by surface complexes of hydrolyzed 
species or formation of precipitates of Hg with pyrites in the presence or absence of 
anions or HA. 
 However, almost 100% of Hg was removed for all cases and this removal level 
was continued until complete consumption of all feed solutions (Figure 26a). Similar 
results were obtained in case of DE/UF, although the volume of feed solution in the case 
of CF/UF system was twice the volume used in DE/UF system. Significant amount of Fe 
was found in the permeate water for case of Hg + 1 mg/L HA, while other cases show no 
detection of Fe in the permeate water (Figure 26b). With increasing HA concentration, 
pyrite surface can reach to saturation by adsorption of HA. After saturation, excess HA 
may induce surface reaction between HA and pyrite and results in dissolution of Fe into 
solution. That is why solutions containing 1 mg/L HA showed higher Fe release than 
that of 0.2 mg/L HA. In case of anions, as anions form nonsorbing complex, the 
possibility of pyrite surface saturation by anions can be ruled out. 
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Figure 26. a) % of Hg removal and (b) Fe concentration in permeate water 
collected from experiments for determining additional removal capacity. 
Conditions: 1 mg/L Hg(II), 5 psi transmembrane pressure, pH 8, 10 mM anions 
(SO42-, NO3-, Cl-),  0.2 and 1 mg/L HA. 
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5. CONCLUSION 
 
This study investigated the removal of mercury(II) from wastewater by pyrite 
(FeS2) and the separation of its final solids using ultrafiltration membrane system. The 
membrane systems used in this study for separation of the final solids were dead-end 
(DE/UF) and cross flow (CF/UF) ultrafiltration membrane systems. The overall 
treatment system is called reactive adsorbent membrane (RAM) process. The first task 
for the RAM process was to synthesize nanoparticles of pyrite using microwave 
digestion method, and SEM analysis showed that synthesized nanoparticle pyrite was 
compromised of about 83% of the particles have average particle size of 400 nm.  
In the DE/UF system, Hg(II)-contacted pyrite was completely rejected by the 
membrane. Presence of anions and humic acid (HA) did not affect the rejection of 
Hg(II)-contacted pyrite. However, flux decline in case of Hg + 1 mg/L HA + pyrite was 
found to be faster than that of other cases. The order of flux decline is: Hg +1mg/L HA + 
pyrite > Hg + 0.2mg/L HA + pyrite > Hg + anions + pyrite > Hg + pyrite. To evaluate 
the fouling mechanism, a flux decline model was used and the model parameters were 
optimized by nonlinear regression using MATLAB. Based on values of sum of squared 
residuals (SSR) between the results of flux decline model and experimental data, the 
membrane fouling was ascribed to the formation of cake layer on the membrane surface 
The SEM analysis supported the formation of such cake layer on the membrane surface 
with no internal pore blocking by particles. It was evident from the SEM images that the 
presence of HA exacerbated the fouling by making irreversible gel-like cake layers on 
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the membrane surface. Meanwhile, considerable pH decrease was observed in the 
permeate water for all cases. For the case of Hg+pyrite, the complexation of hydrolyzed 
species of mercury (Hg-OH) with pyrite would be the main reason for the pH decrease. 
In case of anions, relatively less pH decrease was observed because of the formation of 
nonsorbing Hg-anions complexes which are able to reduce the free Hg ions to be sorbed 
as Hg-OH complexes. In case of Hg+HA, the dissociation of HA may be responsible for 
pH decrease. However, there was no significant release of Fe in the permeate water for 
all cases. This may rule out one of our hypothesis that HgS can form by the structural 
substitution of Fe by Hg, but the released Fe can re-sorb onto the pyrite surface.  
Desorption experiment using 0.1 M sodium thiosulfate (Na2S2O3) solution 
showed that most of the mercury that had been adsorbed by pyrite still remained on the 
membrane surface after contacting with thiosulfate solution, indicating that Hg(II)-
containing stable solid residuals were formed by pyrite. Meanwhile, there was no change 
in flux during the desorption test, indicating that thiosulfate passed through the cake 
layer on the membrane without affecting the structure of the cake layer. Slight decrease 
of pH in the permeate water was observed during the desorption test, possibly due to the 
interaction of thiosulfate with the solid deposited on the membrane surface or 
decomposition of thiosulfate by disproportionation reaction.  
To evaluate additional mercury removal capacity of Hg-contacted pyrite 
deposited on the membrane, recycle test was conducted by reusing the Hg/pyrite-laden 
membrane for treating additional volumes of water contaminated with Hg(II). Results 
showed almost 100% removal of mercury until the consumption of all feed solution 
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volume that was applied without any physical impact on the cake layer. Other results 
such as pH change and Fe release showed almost similar pattern that were observed in 
rejection test. These results indicate that the proposed method using DE/UF successfully 
meet the objective of this study for continuous and efficient removal of Hg(II) from 
wastewater or water contaminated with mercury. 
The CF/UF system showed almost similar results that were observed in the 
DE/UF system. However, the CF/UF system showed relatively better flux compared to 
the DE/UF system. This may be due to the larger pore size of the membrane used in the 
CF/UF system and occurrence of shear flow near the surface of CF/UF membrane which 
can prevent the accumulation of particles on the membrane surface. Also, release of Fe 
were observed at the beginning of the experiment when CF/UF was used, possibly due to 
the partial dissolution of pyrite by surface oxidation or formation of small amount of 
HgS and substitution of Fe by Hg. However, the amount of Fe released is so small that 
can be considered negligible. Desorption test for the CF/UF system showed similar 
behavior to that observed with DE/UF 
For recycle test, the CF/UF system showed almost complete (100%) removal of 
Hg(II) from feed water that was provided by a double amount of the feed water supplied 
in the recycle test for the DE/UF system. Therefore, the CF/UF system is successfully 
proven for meeting the objectives of this study that the methodology suggested here will 
provide continuous and complete removal of Hg(II) from wastewater or water 
contaminated with mercury.  
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The final goal of this research was to develop a treatment technology for 
continuous and complete removal of mercury from wastewater. The proposed reactive 
adsorbent membrane (RAM) hybrid process successfully demonstrated the continuous 
and complete removal of mercury from water. However, the effect of other operational 
parameters such as pressure and temperature on the efficiency of the RAM process for 
mercury removal needs to be further examined. The stability of final residuals should be 
evaluated in oxic condition. Use of other surface analysis techniques such as Extended 
X-Ray absorption fine structure (EXAFS), Fourier Transform Infrared Spectroscopy 
(FTIR) will help us to better understand the reaction mechanism between pyrite and 
mercury in the presence of various solution compositions. 
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APPENDIX 
 
Code for calculating flux decline parameters on MATLAB® 
%   nlinfit_flux 
global n; 
global j_i; 
  
n = input('Enter n value: '); 
j_i = input('Enter j_i value: '); 
  
[t,J]=initvar('fluxdecline.txt'); 
[beta,r,z]=nlinfit(t,J,@flux,0.1); 
betaci=nlparci(beta,r,z); 
  
t_min=min(t); 
t_max=max(t); 
xplot=[t_min:(t_max-t_min)/2000:t_max]; 
Jmod=j_i*(1+beta(1)*xplot).^(-n); 
normal_J_m=Jmod/j_i; 
normal_J=J/j_i; 
figure,plot(t,normal_J,'o');hold on;plot(xplot,normal_J_m); 
  
%Calculate the sum of square error 
SSE=0; 
xplot=xplot' 
normal_J_m=normal_J_m' 
for i = 1:size(t,2) 
    for j = 1:size(xplot,1)-1 
        if xplot(j,1)<=t(i) && xplot(j+1,1)>t(i) 
            x1=xplot(j,1); 
            x2=xplot(j+1,1); 
            y1=normal_J_m(j,1); 
            y2=normal_J_m(j+1,1); 
            break; 
        end 
    end 
    y_model=linear_interpolation(x1,y1,x2,y2,t(i)); 
    SSE=SSE+(y_model-normal_J(i))^2; 
end 
GOF=sqrt(SSE/(size(t,2)-2))/mean(normal_J_m) 
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 Flux decline Model prediction for Ultrafiltration 
Only Hg + pyrite: 
 
 
 
Figure A1. Normalized flux and model predictions for ultrafiltration of Hg-
contacted FeS2. Conditions: 30 kDa RC membrane, 1 mg/L Hg(II), 0.1 g/L FeS2, 
pH 8, 15 psi pressure, 30 min pre contact time of Hg(II) with FeS2 prior to feeding 
into the DE/UF membrane. 
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Hg + Anions + pyrite:  
 
 
 
Figure A2. Normalized flux and model predictions for ultrafiltration of Hg-
contacted FeS2. Conditions: 30 kDa RC membrane, 1 mg/L Hg(II), 10 mM of 
anions(Cl-, NO3-, SO42-), 0.1 g/L FeS2, pH 8, 15 psi pressure, 30 min pre contact time 
of Hg(II) with FeS2 prior to feeding into the DE/UF membrane. 
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Hg + 0.2 mg/L HA + pyrite: 
 
 
 
Figure A3. Normalized flux and model predictions for ultrafiltration of Hg-
contacted FeS2. Conditions: 30 kDa RC membrane, 1 mg/L Hg(II), 0.2 mg/L HA, 
0.1 g/L FeS2, pH 8, 15 psi pressure, 30 min pre contact time of Hg(II) with FeS2 
prior to feeding into the DE/UF membrane. 
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Hg + 1 mg/L HA + pyrite:  
 
 
 
Figure A4. Normalized flux and model predictions for ultrafiltration of Hg-
contacted FeS2. Conditions: 30 kDa RC membrane, 1 mg/L Hg(II), 1 mg/L HA, 0.1 
g/L FeS2, pH 8, 15 psi pressure, 30 min pre contact time of Hg(II) with FeS2 prior to 
feeding into the DE/UF membrane.  
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XPS analysis 
Quantification report: 
Dead End Ultrafiltration: 
 
 
 
 
Figure A5. Quantitative analysis of elements on the membrane surface for recycle 
test of DE/UF. Conditions: 30 kDa RC membrane with Hg-contacted pyrite layer. 
pH 8, 15 psi pressure. 
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Cross Flow Ultrafiltration: 
Rejection test: 
 
 
 
 
Figure A6. Quantitative analysis of elements on the membrane surface for rejection 
test of CF/UF system. Conditions: 0.1 g/L pyrite, 1 mg/L Hg(II),10 mM anions (Cl-, 
SO42-, NO32-), 0.2 and 1 mg/L HA, 5 psi transmembrane pressure, pH 8, anoxic 
condition. 
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Recycle test: 
 
 
  
  
Figure A7. Quantitative analysis of elements on the membrane surface for recycle 
test of CF/UF system. Conditions: 1000 kDa RC membrane with Hg-contacted 
pyrite layer, pH 8, 15 psi pressure.  
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XPS spectrum: 
Dead end ultrafiltration: 
 
 
 
 
Figure A8: XPS spectrum of rejection test for DE/UF system: only Hg (top) and Hg 
+ Anions (bottom) 
  
 101 
 
 
 
Figure A9. XPS spectrum of rejection test for DE/UF system: Hg + 0.2 mg/L HA 
(top) and Hg + 1 mg/L HA (bottom). 
 102 
 
Cross flow ultrafiltration: 
 
 
 
 
Figure A10. XPS spectrum of rejection test for CF/UF system: only Hg(top) and Hg 
+ Anions (bottom). 
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Figure A11. XPS spectrum of rejection test for DE/UF system: Hg + 0.2 mg/L HA 
(top) and Hg + 1 mg/L HA (bottom). 
